Many microbial taxa in the marine plankton appear super-saturated in species richness. Here, we provide a partial explanation by analyzing how species are organized, species packing, in terms of both taxonomy and morphology. We focused on a well-studied group, tintinnid ciliates of the microzooplankton, in which feeding ecology is closely linked to morphology. Populations in three distinct systems were examined: an Eastern Mediterranean Gyre, a Western Mediterranean Gyre and the California Current. We found that species abundance distributions exhibited the long-tailed, log distributions typical of most natural assemblages of microbial and other organisms. In contrast, grouping in oral size-classes, which corresponds with prey-size exploited, revealed a geometric distribution consistent with a dominant role of a single resource in structuring an assemblage. The number of species found in a particular oral size-class increases with the numerical importance of the size-class in the overall population. We suggest that high species diversity reflects the fact that accompanying each dominant species are many ecologically similar species, presumably able to replace the dominant species, at least with regard to the size of prey exploited. Such redundancy suggests that species diversity greatly exceeds ecological diversity in the plankton.
Introduction
Hutchinson's paradox of the plankton, 'How can so many species coexist in a relatively homogenous environment?', is now over 50 years old. (Hutchinson, 1961) To date no explanation (including his own) is generally accepted, and new mechanisms, or twists, continue to be proposed (Shoresh et al., 2008; Fox et al., 2010; Martin, 2012) . The paradoxically high diversity of the plankton described by Hutchinson was based on microscopic observations, and this diversity is now known to be dwarfed by that revealed through sequencing the DNA of natural plankton communities. Considering only eukaryotic protists, genetic data suggests that there are thousands of species in a few liters of seawater (for example, Brown et al., 2009; Edgcomb et al., 2011) . Such an astounding diversity is difficult to explain, and raises the question of how such species diversity translates into ecological diversity? Complicating any attempt to address the question is the fact that in many groups of protists phylogeny, morphology and ecology are not clearly related to one another. For example, among the dinoflagellates, gymnodinid dinoflagellates can be benthic, planktonic, phototrophic, mixotrophic, grazers or parasites (see Taylor, 1987; Gomez 2012) . In contrast to many microbial taxa, tintinnid ciliates represent an exceptionally coherent group.
Tintinnid ciliates are a single suborder of the Choreotrichidae, characterized by the possession of a shell or lorica whose architecture forms the basis of classic taxonomic schemes. About 1200 species have been described (Agatha and Strü der-Kypke, 2012) , virtually all restricted to the marine plankton. The diameter of the mouth end of the lorica, lorica oral diameter (LOD) is a conservative taxonomic character (Laval-Peuto and Brownlee, 1986) ; analogous to gape-size, it is related to the size of the food items ingested. The largest prey ingested is about half the LOD in longest dimension, and a given species feeds most efficiently on prey about 25% of its LOD in size; the overwhelming majority of described species have an LOD between 20 mm and 60 mm, indicating a typical prey size range of 5-15 mm (Dolan, 2010) . LOD is also positively related to lorica volume (Dolan, 2010) , as well as specific growth rate (Montagnes, 2012) , reflecting the common relationship between cell size and maximum growth rate. Because LOD is a conservative taxonomic character, the morphological diversity of an assemblage, in terms of different sizes of LODs, is closely related to taxonomic diversity (Dolan et al., 2006) .
Tintinnids are generally a minority component in the microzooplankton (o5% of cells) compared with other taxa, such as oligotrich ciliates or heterotrophic dinoflagellates. In offshore waters they commonly occur in concentrations of less than 100 per liter (McManus and Santoferrara, 2012) , and most have maximum clearance rates of less than 10 ml h À 1 (Montagnes, 2012) . Consequently, tintinnids rarely directly control the concentration or composition of their prey, as their aggregate feeding activity usually equates to clearing a maximum of 1-2% per day of the surface layer waters they occupy. Thus, they are not only a phylogenetically, morphologically and ecologically coherent group, but also are unlikely to significantly change their own environment. This is in contrast to taxa, which can, for example, deplete an important resource, thereby altering the environment, such as when a particular taxon of phytoplankton blooms, thereby changing the phytoplankton assemblage with the result of altering the entire food web. Organisms which can alter their environment (for example, depleting or monopolizing a resource) considerably complicate the study of diversity, as dynamics likely change with distinct scales of time and space. The general lack of feedback effects concerning tintinnids, or large effects on their own food web, simplifies the study of diversity in the group.
We examined how species diversity relates to ecological diversity by comparing large scale or metapopulation characteristics in the traditional terms of species, and in terms of 'ecotypes', or defined here as species of similar feeding ecology. We sampled geographically separate populations in distinct systems: an oligotrophic gyre in the Eastern Mediterranean, an oligotrophic gyre in the Western Mediterranean, and the productive California Current in the eastern Pacific. In each system a set of seven stations at least 30 km distant from one another was sampled providing 2000-3000 individuals for the analysis of the characteristics of each assemblage.
We examined how the species in the assemblages were organized in terms of species and in terms of 'ecotypes'. Observed patterns of species abundance distribution were compared with modeled abundance curves constructed using parameters of the particular assemblage for three common models of community organization: geometric, log-normal and log-series. For the three populations, the size-class abundance distributions of the ecologically significant characteristic of LOD were analyzed in similar fashion by substituting size-class of oral diameter for 'species'. In the Mediterranean our data is from seven stations sampled in oligotrophic gyres in the eastern and western basins around Stations 'A' and 'C'; for detailed descriptions of the biological and physical characteristics of the gyres see Christaki et al. (2011) and Moutin and Prieur (2012) . In the Eastern Pacific, seven stations were sampled in the productive California Current System following drogues tracking upwelled water; for drogue deployment locations and summary biological characteristics of the study see Landry et al. (2012) .
Materials and methods
In the Mediterranean gyres six discrete depth samples, usually 10 l each, were obtained at each of the stations between the surface and depth of the chlorophyll maximum. In the upwelled California Current waters, two discrete depth samples of the surface layer were taken (see Table 1 for summary data for the three sites). At each station, the 5-10 l volumes of sample from each depth, obtained using Niskin bottles, were concentrated to 20 ml by slowly and gently pouring the water through a 20 mm mesh Nitex screen fixed to the bottom of a 10 cm dia. PVC tube. We have found that using a 20 mm concentrator yields higher numbers of tintinnids than settling whole-water samples, in agreement with Pierce and Turner (1994) , and have used the method in several previous studies (Dolan et al., 2006 Dolan and Stoeck, 2011) . Concentrated water samples were fixed with Lugol's solution (2% final conc.). Aliquots (2-10 ml) of concentrated sample were settled in sedimentation chambers and the entire surface of the chamber was examined using an inverted microscope at Â 200 total magnification. Thus, all material from all the samples was examined. It should be noted that the sampling was designed to obtain coverage of a large geographic area, not to determine conditions in which particular species occur, and individual samples often contained few cells. Consequently. our data are not well-suited for multivariate data analysis.
Data analysis
We examined the patterns of both species abundance distribution and the abundance distributions of LOD size-classes of 4 mm intervals (for justification of interval size see Dolan et al., 2006) using data pooled from the seven locations for each assemblage. We first made log-rank abundance curves by calculating relative abundance for each species and ranking species from highest to lowest and plotting ln(relative abundance) versus. rank. Then, we constructed hypothetical log-rank abundance curves that could fit the data by using parameters of the particular assemblage. We produced curves for three common models of community organization: geometric series, log-series and log-normal, as in several previous studies (Dolan et al., 2007 Raybaud et al., 2009; Claessens et al., 2010; Doherty et al., 2010; Dolan and Stoeck, 2011) .
The observed rank abundance distributions were compared with the hypothetical models using a Bayesian approach: an Akaike Goodness of fit calculation (19). Using this approach, an Akaike Information Criterion was determined as the natural logarithm of the mean (sum divided by S) of squared deviations between observed and predicted ln(relative abundance) for all ranked S species plus an additional term to correct for the number of estimated parameters, k (1 for geometric series and 2 each for log-series and log-normal distributions): (S þ k)/(S À k À 2). The lower the calculated Akaike Information Criterion value, the better the fit. A difference of 1 in Akaike Information Criterion corresponds roughly to a 1.5 evidence ratio; we considered differences of less than 1.0 in Akaike Information Criterion to represent indistinguishable fits following Burnham and Anderson (2002) . We used simple correlation analysis of log-transformed values to test the relationship between the portion of individuals in a given size class and the portion of the species pool contained within that same LOD size-class.
Results and discussion
A total of 80 species were encountered, of which relatively few could be characterized as rare, that is found at only one or two stations. Most species were found in several stations and in at least two of the three populations sampled (Figure 1 ). Seven species occurred in all of the 21 stations sampled, and Ba third of the species were found in all three populations. Occupation of a wide number and variety of sites has been equated with broad niche breadth in diatoms (Soininen and Heino, 2007) , and this appears to characterize many tintinnid species.
Although the assemblages of the three systems were all species-rich, with 37-61 species (Table 1) , they were all also highly dominated. In the Eastern Mediterranean seven species accounted for over 50% of the total cells, in the Western Mediterranean six species, and in the California Current three species represented over 50% of individuals. There was some overlap in the identities of the dominant species among the three populations with, for example, the occurrence of two species among the dominants of all three assemblages, albeit in different rank positions (Figure 2) . The abundant forms defined the dominant size-classes of the Each station corresponded to a CTD Niskin Bottle cast (Ctd #) as in the cruise databases: Gyres C and A: http://mio.pytheas.univ-amu.fr/BOUM/ and the California Current (Cal Cur): http://cce.lternet.edu/data/cruises/ccep0810/. Material was examined from large volumes of water (vol ex in liters). For each station the number of cell enumerated and identified (# cells) and the number of species (# spp) is given. The average integrated concentration of chlorophyll a in ug l À 1 thoughout the portion of the water column sampled (depths) is also given. Totals represent the pooled volume of water examined, number of cells enumerated and the number of species encountered for each of the three sites. particular assemblage. In each assemblage the numerically dominant species were of distinct LOD size. For example, in the Western Mediterranean the two most abundant species were Salpingella curta with an LOD of about 15 mm and Steenstrupiella steenstrupi with an LOD of about 30 mm (Figure 2) .
Species rank abundance distributions (Figure 3a  and Table 2 ) were the long-tailed distributions with large numbers of relatively rare species, commonly observed for most natural assemblages (McGill et al., 2007) . Notably such distributions commonly characterize rank abundance curves of planktonic protists determined using molecular techniques (for example, Brown et al., 2010; Edgcomb et al., 2011) . The tintinnid distributions were best fit among modeled distributions by a log-series distribution. Log distributions, either log-normal or log-series are associated with a multitude of factors governing relative species abundance in the case of the lognormal, or immigration and extinction from a metapopulation in the case of log-series (that is, Hubbell, 2001) . In contrast, ordering the populations by the sizes of LOD, rather than species identities, revealed a distinctly different distributional pattern best fit by a geometric model (Figure 3b and Table 1) .
A geometric distribution represents the result of a priority exploitation of resources by individual species in a community, and is classically associated with 'immature' or pioneer communities limited by a single resource such as space (for example, Whittaker, 1972) . This distribution is also thought to characterize assemblages of low species richness or severe environments (Wilson, 1991) and has, for example, been found to describe the species abundance distribution of the entire planktonic ciliate community in Antarctic waters (Wickham et al., 2011) . In the tintinnid populations, the geometric distribution of LOD size-class abundance is most Figure 2 The species accounting for the majority of individuals in the three systems, and their relative abundance ranks. The arabic numerals indicate the abundance rank in the Eastern Mediterranean, capital roman numerals, the rank in Western Mediterranean and italic lower case roman numerals, the rank in California Current samples. Note the size differences in LOD (the open upper end of the lorica or shell) between the number one and two species in each system. The 50 mm scale bar is for all images. Species names: (a).
Salpingella attenuata, (b). Dadayiella ganymedes, (c). Amphorides quadrilineata, (d). Dadayiella pachtoecus, (e). Dictyocysta elegans, (f).
Epiplocylis blanda, (g). Eutintinnus apertus, (h). Dictyocysta mitra, (i). Steenstrupiella steenstrupii, (j). Undella clevei, (k). Salpingella curta. Note that only about 25% of the species were found in, but, 1 or 2 locations. Inset graph shows the total number of species found at 1, 2 or all 3 of the sites sampled (seven stations for each site).
Species packing in planktonic protists
JR Dolan et al simply attributable to the availability of prey concentration and size given the close relationship between LOD size and prey exploited by tintinnids (Dolan, 2010) . Notably, the relative importance of an LOD sizeclass was correlated with the portion of the species pool contained within it (Figure 3c ). The relationships was significant in each population, but was strongest for the Eastern Mediterranean population, the most species-rich. (East Med n ¼ 14, r ¼ 0.72, P ¼ 0.004; West Med n ¼ 15, r ¼ 0.58, P ¼ 0.042 and Calif Curr n ¼ 14, r ¼ 0.64, P ¼ 0.030). In each population, the numerically dominant species, rather than forming exclusive, mono-specific sizeclasses, were accompanied by several other species of similar LOD size, ecologically similar species in terms of feeding ecology. Roughly half the total species pool (18-30 species) occurs in 3-5 of the 16 size-classes, those of the numerically dominant species.
The high species diversity found in a relatively small component of the zooplankton, tintinnid ciliates, exists despite the fact the assemblages are highly dominated by a few species. Most of the species pool consists of forms distinctly similar to dominants in terms of the diameter of the mouth end of the lorica and in most cases (43 out 48 species), these nondominants were not cogeneric with the dominant in their size-class. Most size-classes were populated with distinct genera.
In some assemblages species that occur in low abundances are 'occasional', and have ecological requirements different from the abundant species (Magurran and Henderson, 2003) . However, common and rare species can be ecologically similar (Gaston, 2012) , and the species-rich assemblages of tintinnids provide an example. That many of the non-dominant species can become dominant is suggested by the fact that some, rare in one assemblage, were dominant in another assemblage. For example, in the California Current population Undella clevei and Dictyocysta mitra were minor species in their respective size-classes. However, these same two species were dominants in the Eastern Mediterranean (see Supplementary data).
We know that microbial populations are largely resilient in overall structure as communities subjected to large, but temporary disturbances can return to their initial state quickly (for example, Shade et al., 2012) . We also know that rare species can change in abundance rapidly (for example, Orsi et al., 2012) . What we know little about is how one species can replace another in time and space scales that permit the coexistence of seemingly similar species.
There are likely many mechanisms responsible for provoking changes in abundance ranks. Obvious candidates are density-dependent mortality Figure 3 The species rank abundance distributions (a) appear to be the common long-tailed log-normal or log-series distributions, and were best fit among modeled distributions by a log-series distribution. In contrast, the size-class rank abundances (b) were best fit by a geometric distribution except for the Calif Curr, for which there was no best fit (see Table 1 .) There was a positive relationship between the portion of individuals in a size class and the number of species within the size class (c). About half the total species pool is in the 3-5 most populous size-classes, those of the dominant species. Regression statistics for the relationships of (log) portion in a size-class: individuals vs species pool: East Med n ¼ 14, r ¼ 0.72, P ¼ 0.004; West Med n ¼ 15, r ¼ 0.58, P ¼ 0.042; Calif Curr n ¼ 14, r ¼ 0.64, P ¼ 0.030. Abbreviation: LOD, lorica oral diameter. For each species assemblage of size-class assemblage the observed logrank abundance curve was compared with model-derived log-normal, geometric, and log-series (series) curves using the Akaike information criterion (AIC) test. The values in bold denote the lowest AIC value, indicating the closest fits. A difference of 1 unit indicates a significant difference.
mechanisms, for example, the 'killing the winner' model pointing out the probable importance model of viral-mortality in competition among planktonic prokaryotes (Thingstad and Lignell, 1997) . Interestingly, parasitism is known in tintinnids, but its ecological importance has received relatively little attention (Coats and Bachvaroff, 2012) . At present then we know that in the species-rich plankton a few species are abundant, while most are present in very low concentrations, perhaps waiting for an opportunity to become abundant.
